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Two sets of Lower Paleozoic organic-rich shales develop well in the Weiyuan area of the Sichuan Basin:
the Lower Cambrian Jiulaodong shale and the Lower Silurian Longmaxi shale. The Weiyuan area un-
derwent a strong subsidence during the Triassic to Early Cretaceous and followed by an extensive
uplifting and erosion after the Late Cretaceous. This has brought about great changes to the temperature
and pressure conditions of the shales, which is vitally important for the accumulation and preservation
of shale gas. Based on the burial and thermal history, averaged TOC and porosity data, geological and
geochemical models for the two sets of shales were established. Within each of the shale units, gas
generation was modeled and the evolution of the free gas content was calculated using the PVTSim
software. Results show that the free gas content in the Lower Cambrian and Lower Silurian shales in the
studied area reached the maxima of 1.98e2.93 m3/t and 3.29e4.91 m3/t, respectively (under a pressure
coefﬁcient of 1.0e2.0) at their maximum burial. Subsequently, the free gas content continuously
decreased as the shale was uplifted. At present, the free gas content in the two sets of shales is 1.52
e2.43 m3/t and 1.94e3.42 m3/t, respectively (under a current pressure coefﬁcient of 1.0e2.0). The results
are roughly coincident with the gas content data obtained from in situ measurements in the Weiyuan
area. We proposed that the Lower Cambrian and Lower Silurian shales have a shale gas potential, even
though they have experienced a strong uplifting.
 2014 Elsevier Ltd. All rights reserved.1. Introduction
Lower Cambrian and Lower Silurian shales, characterized by
their organic-richness, widely developed in the Upper Yangtze re-
gion of southern China. They are the key target in the region for
shale gas exploration and evaluation (Dong et al., 2009;Wang et al.,
2009; Zhu et al., 2010; Nie et al., 2011; Nie and Zang, 2011, 2012;
Huang et al., 2012a,b; Chen et al., 2012; Wang et al., 2012). The
two sets of shales are highly mature, with equivalent vitrinite
reﬂectance (EqRo) ranges of 2.0e3.0% for the Lower Silurian and
2.5e3.5% for the Lower Cambrian based on their measured pyro-
bitumen reﬂectance (Zhu et al., 2006a; Wang et al., 2009; Nie et al.,
2011; Yu et al., 2012; Cheng and Xiao, 2013; Xiao et al., 2013). Over
the geological history, the Lower Paleozoic strata experienced deep
burial during the Early Mesozoic and followed by an intense
uplifting from the Late Mesozoic to the Cenozoic (Zhu et al., 2006b;
Ma et al., 2008; Zhang et al., 2008; Liu et al., 2009; Xiao et al., 2012).By the end of the Early Cretaceous, the Mesozoic strata (Triassic to
Lower Cretaceous) had a general thickness in the range of 5000e
6000 m, with the Lower Paleozoic shale possibly reaching a burial
depth of 7000e9000 m (CPGEC, 1989). In the Late Cretaceous, the
Upper Yangtze region experienced uplift and erosion, with a
denudation of 3000e6000 m (Zhu et al., 2006b; Ma et al., 2008;
Wei et al., 2008). At present, the burial depth of the Lower Paleo-
zoic shale varies with locations in the Upper Yangtze region, and is
mostly within a range of 2000e7000 m in the Sichuan Basin. In
some strongly uplifted areas, the shales occur as outcrops. This
indicates that the Lower Paleozoic shales in the Upper Yangtze
region have undergone a complicated tectonic evolution which
becomes one of the most vital factors inﬂuencing the gas content in
the shales.
The natural gas in shale (shale gas) can occur in three forms
depending on its state of preservation: free gas, absorbed gas and
dissolved gas. For a highly mature (Ro > 2.0%) shale with a high
formation temperature (>100 C), the gas is stored primarily as free
gas (Montgomery et al., 2005) with very little absorbed and dis-
solved gas (Montgomery et al., 2005; Ross and Bustin, 2008; Zhang
et al., 2012). In the Upper Yangtze region, the Paleozoic shale has
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during its burial in the early Mesozoic (from the Triassic to Early
Cretaceous), and followed by a strong uplifting, which has greatly
changed the accumulation and preservation conditions for shale
gas. Therefore, an understanding of the evolution of free gas con-
tent over geological history is signiﬁcant for evaluations of shale gas
content.
The Weiyuan area of the Sichuan Basin, where the burial depth
of the Paleozoic shales is relatively shallow (1600e3600m), is a key
area for shale gas exploration (Song,1996; Dai et al., 1999; Zhu et al.,
2006b, 2010; Zeng et al., 2011; Nie and Zang, 2012; Huang et al.,
2012a,b). Previous work studied the tectonic evolution (Zhu et al.,
2006b; Wei et al., 2008), the distribution of sedimentary facies
and the organic-rich shales (Wei et al., 2008; Wang et al., 2009;
Huang et al., 2012a, 2012b; Li et al., 2013), geochemical character-
istics (Zhu et al., 2006b, 2010; Wang et al., 2009; Sun et al., 2012),
and the porosity and pore structure (Wang et al., 2009; Ma et al.,
2012; Nie et al., 2011; Nie and Zang, 2012; Chen et al., 2012; Tian
et al., 2012) of the Paleozoic shales in this area, suggesting the
presence of shale gas play. However, the gas content characteristics,
especially the free gas evolution through geological history, of the
Paleozoic shales have not been extensively discussed. In this paper,
the geological and geochemical models of the two sets of Lower
Paleozoic shales in the Weiyuan area are examined. The free gas
content in the shales is simulated and quantiﬁed with the PVTSim
software, and the changes in the gas during its geological evolution
are discussed. The aim is to provide a theoretical guidance for the
exploration and development of shale gas in the Weiyuan area as
well as other areas in the Sichuan Basin.
2. Geological settings
2.1. Structures and stratigraphy
The Sichuan Basin is an important part of the Upper Yangtze
region. The Weiyuan area extends over about 2700 km2 in the
southwestern part of the Sichuan Basin. It locates on theFigure 1. Sketch map showing of the structural outline ofsoutheastern edge of the Leshan-Longnvsi paleo-uplift (Fig. 1) (Zhai
et al., 1989), and is characterized as a large-scale NEEeSEW ori-
ented domal anticline. The strata present in the Weiyuan area
consist of Sinian, Cambrian, Ordovician, Silurian, Permian and
Triassic units (Fig. 2). A total of 659e670 m of the Upper Sinian is
subdivided into the Dengying and Doushantuo formations (Wei
et al., 2008). The Dengying Formation, composed mainly of
microcrystalline dolomite, is the main conventional gas reservoir in
theWeiyuan area (Dai, 2003; Wei et al., 2008). The Cambrian units,
with a total thickness of 766e1019 m, consist of the Jiulaodong and
Yuxiansi formations in the Lower Cambrian and the Xixiangchi
Formation in the Upper Cambrian. The Jiulaodong Formation,
containing a set of organic-rich black shales with a thickness of
230e400m, is the main source rock of the Sinian gas reservoir (Dai,
2003). With a total thickness of 356e504 m, the Yuxiansi and
Xixiangchi formations are mainly intertidal shoal sediments and
supratidal dolomite interbedded with sandstone and siltstone. Due
to the Caledonian orogeny, the Ordovician strata developed poorly
in the Weiyuan area with a total thickness of only 182e355 m. The
Lower Ordovician Luohanpo and Dachengsi formations are domi-
nated by dolomite and limestone, whereas the Middle Ordovician
Baota Formation is primarily limestone with less shale. The Silurian
strata are missing in the northwestern part of the Weiyuan area,
but present in its southeastern part where the Lower Silurian
Longmaxi Formation has developed as a set of organic-rich shales
and silty mudstones with a thickness of about 140 m. The Devonian
and Carboniferous strata are missing in this region because of the
uplifting of the Hercynian orogeny (Dai, 2003;Wei et al., 2008). The
Permian contains the lower Maokou Formation and the upper
Longtan Formation. The Maokou Formation is characterized by
limestone with a thickness of 204e459 m, whereas the Longtan
Formation consists of limestone, shale and coal with a thickness of
188e242 m. About 842e1565 m of Triassic strata consist of a set of
limestone, dolomite, shale and coal in the middle-to-lower parts of
the section and a set of sandstone interbedded with shale in the
upper part. The Jurassic and younger strata are presently missing in
most of the Weiyuan area. However, according to the regionalthe Sichuan Basin and location of the Weiyuan area.
Figure 2. Schematic diagram showing the stratigraphy system of the Weiyuan area, as well as the sedimentary environments and main tectonic events.
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ﬂuvialedeltaicelacustrine sediments was ever deposited during
the Jurassic to the early Cretaceous periods in the Weiyuan area
(Zhu et al., 2006b; Wei et al., 2008). However, both the Yanshan
orogeny in the Early Cretaceous and the Himalayan orogeny after-
ward severely uplifted this area, resulting in complete erosion of
the Jurassic and early Cretaceous strata and forming the present
stratigraphic pattern.
2.2. Organic-rich shale
Two sets of organic-rich shale have developed in the Lower
Paleozoic strata in the Weiyuan area: the Lower CambrianJiulaodong Formation shale and the Lower Silurian Longmaxi For-
mation shale (Fig. 2). The Jiulaodong Formation shale, which has a
thickness of over 230 m, is distributed stably in the Weiyuan area.
The total organic carbon content (TOC) in the shale ranges from 0.6
to 6.46%, with an average of 2.06% (Huang et al., 2012a). This shale is
characterized mainly as a type I kerogen for its original organic
matter (Zhu et al., 2006b) and it is highly mature with an EqRo
range from 2.56 to 3.14% based on the measured pyrobitumen
reﬂectance value (Wang et al., 2009; Huang et al., 2012a). The
Lower Silurian Longmaxi Formation shale, which is characterized
as graptolite shale, is mainly distributed on the southeastern ﬂank
of the Weiyuan anticline. It has a maximum thickness of about
140 m in the Weiyuan area and becomes thicker towards the
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et al., 2013). The TOC of this shale is in the range of 0.51e4.88%, with
an average value of 1.86% (Wang et al., 2009). This shale is also
mainly organic type I (original kerogen type) with an EqRo range
from 1.80 to 2.24% (Wang et al., 2009; Huang et al., 2012b). These
two sets of shales are now shallowly buried, with a current burial
depth of 2500e3600 m for the Lower Cambrian shale and 1600e
3200 m for the Lower Silurian shale (Figs. 3 and 4). These are the
most favorable targets for shale gas exploration in the Sichuan
Basin.3. Methods and data sets
3.1. Methods
The simulation and calculation of the free gas content in
organic-rich shales is carried out with the software PVTSim 10.0.2,
which was developed by the Calsep Company. The PVTSim soft-
ware, by adopting a SoaveeRedlicheKwong state equation, can be
used to simulate various physical parameters of ﬂuid in rocks under
geological situations with numerous effective applications (e.g.,
Aplin et al., 1999, 2000; Tseng and Pottorf, 2003; Liu et al., 2003; Mi
et al., 2003). In this paper, we have comprehensively considered the
impacts of porosity, water saturation, temperature and pressure on
the free gas content in shales. By simulating a mixture of water and
hydrocarbon gas under different conditions, we have obtained
various data including themolar volume, density, molarmass, mass
percentage, compressibility coefﬁcient, thermal entropy, andFigure 3. Distribution of the Lowe Cambrian shale in Weiyuan and nearby areas in the south
et al., 2012a,b; Li et al., 2013).thermal enthalpy as well as the compositions of the vapor and
liquid ﬂuids within the pore space of shales. Using these data, we
can roughly calculate the free gas content of a shale under certain
geological conditions. The calculation formula can be expressed as
follows:
A ¼

fð1SwÞCv
Vv þ fSwCaVa

 22:4 1000
r
;
where A is the free gas content, m3/t; f is the shale porosity; Sw is
the water saturation in the shale pore space; Cv is the percentage of
hydrocarbon gas in gaseous phase; Ca is the percentage of hydro-
carbon gas in liquid phase; Vv is the molar volume of the gaseous
phase; Va is themolar volume of the liquid phase; r is the density of
the shale, 2.6 t/m3.
3.2. Geological models and geochemical parameters
The gas generation potential of shale is vitally important for its
gas content by providing with gas source. The porosity of the shale
and its water saturation, the geological temperature and pressure
the shale experienced in geological history are the main factors to
control its gas storage. These are the basic parameters used in the
PVTSim simulation of free gas content in shales.
3.2.1. Burial history
As described above, the Weiyuan area has experienced two
episodes of sedimentation and uplifting during its tectonicern Sichuan Basin, showing the isopach and isobath of the shale (modiﬁed from Huang
Figure 4. Distribution of the Lowe Silurian shale in Weiyuan and nearby areas in the southern Sichuan Basin, showing the isopach and isobath of the shale (modiﬁed from Huang
et al., 2012a,b; Li et al., 2013).
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orogenies. Xiao et al. (2012) rebuilt the burial history of well W-117
(Fig. 5). The data show that the Caledonian orogeny lasted from the
end of Silurian to the beginning of Permian, resulting in themissing
of Devonian and Carboniferous strata and the erosion of the Upper
Silurian strata. This area continued to receive sediments from the
Early Permian to the Early Cretaceous, with the development of a
large thickness of Mesozoic strata. The maximum thickness of theFigure 5. Burial history of the well W117 in the Weiyuan area.section from the Lower Cretaceous to the Lower Cambrian and
Lower Silurian is 7250 and 6100 m, respectively. Strong uplifting
began at the end of the Early Cretaceous in this area, resulting in the
total erosion of the Lower Cretaceous, Jurassic and part of the Upper
Triassic strata. The present burial depths of the Lower Cambrian
and Lower Silurian layers are 2950 and 1800 m, respectively.
3.2.2. Thermal history and gas generation
According to vitrinite and bitumen reﬂectance data of the core
samples of well W-117, a simpliﬁed thermal gradient evolution
history was established for the Weiyuan area by the reﬂectance
inversion method: 32 C/km (>96 Ma) e 30 C/km (96e65 Ma) e
27 C/km (<65 Ma) (Xiao et al., 2012). Additionally, the thermal
evolution histories of the Lower Cambrian and Lower Silurian shale
in well W-117 (Fig. 6a) are reconstructed by combining the thermal
gradient model and their burial histories (Fig. 5). Based on the
thermal evolution history, the EasyRo evolution history was
simulated and established, which was transformed into the
equivalent vitrinite reﬂectance (EqRo) model (Fig. 6b) with their
transformation relationship from Tang et al. (1996). Moreover, the
gas generation kinetics parameters of a reference sample are
needed in order to simulate the gas generation history of the Lower
Cambrian and Lower Silurian shales. The thermal maturity levels of
the two sets of shales in the Sichuan Basin and other Upper Yangtze
region are very high, unsuitable to obtain the reliable parameters.
The gas generation kinetics parameters of a Lower Paleozoic shale
from the Tarim Basin reported by Tian et al. (2007) were applied to
this simulation and calculation since it has a comparable
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Figure 6. Plots showing the thermal evolution (a), the maturity evolution (b) and the
gas generation (c) of the Lower Cambrian and Lower Silurian shales at the well W117.
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them formed in similar depositional environments. An average TOC
of 2.06% for the Lower Cambrian shale and 1.86% for Lower Silurian
shale were adopted in the calculation, and a maximum gas gener-
ation potential of 350 m3/t TOC was assigned for the two sets of
shales (Wang et al., 2009; Huang et al., 2012b). The modeling
software is Kinetics 2000 developed by Braun and Burnham (1998).
The results are displayed in Figure 6c.
From Figure 6, the Lower Cambrian shale began to generate oil
at the end of Permian (about 259Ma) when the shale reached 70 C
and the Ro exceeded 0.5%. During the early Jurassic (about 185 Ma),
the shale reached 156 C and the Ro reached 1.2%, thereby attaining
the lower limit of oil generation and beginning the gas producing
stage. In themid-late Jurassic (about 165Ma), the shale attained the
main gas generation stage at 180 C and a Ro of about 1.56%, and
about 1.62 m3/t (cubic meters per ton shale) of hydrocarbon gascould be generated. By the end of the Early Cretaceous (about
96 Ma), the shale had almost attained the lower limit of gas gen-
eration with the temperature reaching 247 C and Ro reaching
about 3.02%; gas generation also reached a maximum value of
7.21m3/t. The present temperature of this shale is 94.7 C and its Ro
is 3.09%.
The Lower Silurian shale reached 70 C with a Ro over 0.5% in
the middle Triassic (about 222 Ma) and started to generate oil. At
the end of Jurassic (about 155 Ma), the temperature reached 155 C
and Ro reached 1.17%, thereby attaining the lower limit of oil gen-
eration and beginning gas generation. In the early Cretaceous
(about 135 Ma), the shale attained the main gas generation stage at
178 C and a Ro of 1.53%, and gas generation reached 1.59 m3/t. By
the Late Cretaceous (96 Ma), the shale had reached 210 C and Ro
approached about 2.20%, and gas generation reached a maximum
of 5.5 m3/t. As a result of the uplift, gas generation from the shale
stopped. The present shale temperature is about 63.6 C, and the Ro
is about 2.3%.
According to the model above, it is clear that these two sets of
shale have experienced a complete evolution of hydrocarbon gen-
eration phases, including oil generation, oil cracking to gas and
residual kerogen cracking to gas. With continuous gas generation, a
large number of nanopores were created, which provided extra
spaces for shale gas storage (Jarvie et al., 2007; Loucks et al., 2009;
Tian et al., 2013; Wang et al., 2013).
3.2.3. Shale porosity
Themain factors that inﬂuence the porosity of a shale include its
inorganic and organic compositions, and its diagenesis or thermal
maturation experienced (Jarvie et al., 2007; Katsube et al., 1992,
1994, 2000; Kuila and Prasad, 2010). While the original intergrain
pores in shale will decrease with increasing diagenesis, the sec-
ondary pores, especially the intragrain organic nanopores could be
formed (Katsube et al., 1992,1994, 2000; Kuila and Prasad, 2010). As
illustrated by Jarvie et al. (2007), the organic nanopores will be
created when a shale is matured to the stage of oil window as a
result of the hydrocarbon generation and expulsion, and the pore
sizes and volumes will increase with further increasing the thermal
maturity. The Lower Cambrian shale in the Weiyuan area has a
porosity in the range between 0.82 and 4.86%, with an average of
2.44% (Huang et al., 2012a), whereas the Lower Silurian has a
relatively higher range between 1.70 and 5.80%, with an average of
4.20% (Huang et al., 2012b).Wang et al. (2013) recently reported the
relationship between TOC and porosity in the Lower Cambrian and
Silurian shales in the southern Sichuan Basin. Based on this rela-
tionship and the average TOC of 2.06% for the Lower Cambrian shale
and 1.86% for the Lower Silurian shale, the calculated average
porosity for the Lower Cambrian and Silurian shales are 2.39% and
4.81%, respectively, which are quite consistent with the measured
results of Huang et al. (2012a, b), further supporting that the TOC
could be used as a parameter for the calculation of shale porosity
(Chalmers et al., 2012; Tian et al., 2013).
3.2.4. Water saturation
Water occurring in shale pore space occupies some of the space
otherwise available for free gas storage, and can also dissolves a
certain amount of gas. Therefore, the water saturation has a direct
effect on the free gas storage. In this paper, the water saturation
data of North American gas shales are cited since there is no water
saturation data reported from theWeiyuan area so far. The data are
presented as follows: Barnett, 25e35% (Frantz et al., 2005); Eagle
Ford, 7e31% (Cusack et al., 2010; Mullen, 2010; Stoneburner, 2009);
Haynesville, 15e35% (Stoneburner, 2009); Fayetteville, 25e50%
(Bresch and Carpenter, 2009); andMarcellus,12e35% (Jarvie, 2012).
These shales are of different maturities, but there is no obvious
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Figure 7. Evolution history of the burial depths (dotted lines) and free gas contents
(solid lines) of the Lower Cambrian and Lower Silurian shales with pressure co-
efﬁcients of 1.0 (a), 1.5 (b) and 2.0 (c).
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with a main range between 10% and 30%. Among these shales, the
Marcellus shale has the highest maturity, with a Ro mainly in the
range of 1.5e3.5% (Zagorski et al., 2011), which is generally com-
parable with the maturity level of Lower Paleozoic shales in the
Weiyuan area. Therefore, an average water saturation value of the
Marcellus shale (23.5%) is used for both Lower Cambrian Lower
Silurian shales in the present study.
3.2.5. Fluid pressure
Fluids in a shale gas system may be normal or abnormal pres-
sure (Loucks et al., 2009; Sondergeld et al., 2010b; Liu et al., 2008;
Wang et al., 2012). For instances, the ﬂuid pressure coefﬁcient of the
Haynesville shale, Eagle Ford shale, Barnett shale and Marcellus
shale in North America is 2.00, 1.33, 0.96e1.16 and 0.93e1.56,
respectively (Loucks et al., 2009; Sondergeld et al., 2010b). Pres-
ently, there is a lack of ﬁeld test data for the ﬂuid pressure in the
Lower Cambrian and Lower Silurian shales in the Weiyuan area.
However, based on gas-logging data and calculation results, some
of the boreholes are considered to be overpressured. The pressure
coefﬁcient of the Lower Cambrian shale in some boreholes in the
Weiyuan area is as high as 2.05 (Liu et al., 2008), whereas the values
for the Lower Silurian shale in the southern Sichuan Basin vary
between 1.2 and 2.3 (Wang et al., 2012). Therefore, three different
ﬂuid pressure coefﬁcients: hydrostatic pressure, 1.5 times of over-
pressure and 2 times of overpressure, are used for the simulation of
the free gas content in the Lower Paleozoic shales in the Weiyuan
area.
In summary, we provide the simpliﬁed geological and
geochemical models for the two sets of Paleozoic shales in the
Weiyuan area as follow. Porosity is 2.44% for the Lower Cambrian
shale and 4.20% for the Lower Silurian shale. Water saturation is
23.5%. The thermal history and gas generation model is based on
WellW-117 (Fig. 6). And the ﬂuid pressure is assessed at hydrostatic
pressure (HP), 1.5 times of HP and 2 times of HP.
3.3. Model of free gas reserve
Using the above models, the free gas reserve for the two sets of
shales can be simulated and quantiﬁed with a commercial PVT
modeling software, PVTSim (Calsep, 1997). It is worthy to note that
the calculated reserve is a maximum value that corresponds to the
free gas storage capacity of the shales when they are saturated with
gas. At the lowmaturity stage when only a small amount of gas was
generated from the shales, their porosity may be unsaturated with
gas with some residual oil and water. Thus, both the shale gas
generation model and the free gas storage capacity model have to
be combined to obtain the evolutionary model of the free gas re-
serves. When the gas generated is less than the free gas storage
capacity of the shale, it is assumed that all the generated gas is
stored in the shale, i.e., the generated gas can be considered as free
gas reserve. However, when the gas generated exceeds the free gas
storage capacity of the shale, the ﬂuid system will be balanced by
gas migration and expulsion. In this case, the free gas storage ca-
pacity of the shale corresponds to the free gas reserve.
4. Results and discussion
4.1. Free gas content evolution model of shale
The free gas content evolution models of the two sets of shales
under the three different pressure coefﬁcients were reconstructed
by combining the gas generation with the gas storage capacity of
shales (Fig. 7). Under the hydrostatic pressure conditions, it reaches
a maximum value at the deepest burial (96 Ma), with 1.98 m3/t forthe Lower Cambrian shale and 3.29 m3/t for the Lower Silurian
shale (Fig. 7a). The free gas content in the Lower Cambrian shale
was not obviously reduced when its burial depth decreased from
7250 to 5000 m, remaining in the range 1.98e1.90 m3/t, with a
decrease of only about 4.0%. However, the free gas content decrease
signiﬁcantly when the shale was lifted from 5000 m to the present
depth (2950 m), from 1.90 m3/t to 1.52 m3/t, a decrease of 20%. The
amount of total free gas decreased about 23.3% over the whole
uplifting process. When the Lower Silurian shale was uplifted from
6100 to 4000 m, the free gas content decreased by about 8.8% from
3.29 m3/t to about 3.0 m3/t. It further decreased from 3.0 m3/t to
1.94 m3/t, when the burial depth changed from 4000 m to the
present depth of 1800 m. During the whole uplift process, the total
decrease of the free gas content in the Lower Silurian shale was
01
2
3
4
5
0 10 20 30 40 50 60
Water saturation (%)
R
es
er
ve
s(
m
3 /t
)
Lower Cambrian
Lower Silurian
Figure 8. Plot showing the relationship between the free gas content and the water
saturation in two sets of shales in Weiyuan area under the condition presented at the
maximum burial depth.
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which indicates that the free gas loss are closely related to their
speciﬁc temperatures and pressures.
The free gas evolution models under the overpressured condi-
tions show a similar trendwith that observed under the hydrostatic
pressure conditions, but the amount of free gas is larger because of
the enhanced pressures (Fig. 7b, c). With a pressure coefﬁcient of
1.5, the maximum free gas contents in the Lower Cambrian and
Lower Silurian shale are of 2.53 m3/t and 4.23 m3/t, respectively at
their greatest burial depth (Fig. 7b). The present free gas content of
the Lower Cambrian shales is 2.04 m3/t with a total decrease of
about 19.4% when they are uplifted from 7250 m to the present
depth of 2950 m. The present value of the Lower Silurian shale is
2.77 m3/t, with a total decrease of about 34.5% during the uplifting
from 6100 m to the present depth of 1800 m. With a pressure co-
efﬁcient of 2.0, the respective free gas content of Lower Cambrian
and Lower Silurian shales also reached their maxima of 2.93 m3/t
and 4.90 m3/t at their deepest burial, and then decreases to
2.43m3/t and 3.42m3/t at the present depth. The free gas content of
the two sets of shales decreases by about 17.1% and 30.3%, respec-
tively (Fig. 7c).
4.2. Shale gas potential of the Weiyuan area
Except for the free gas, the absorbed gas is another important
type of gas in shales, but the data are rare for the Lower Cambrian
and Lower Silurian shales in the Weiyuan area. Although the
directly measured data are the surface excess (excess adsorption
amount) of shales using a commercial high pressure gas adsorption
instrument, the reported data are usually converted to the Lang-
muir adsorption, i.e., the absolute adsorption amount (Chalmers
and Bustin, 2008; Ambrose et al., 2010). Since the absolute
adsorption amount is much greater than the excess adsorption,
Ambrose et al. (2010) pointed out that when it is used to evaluate
adsorbed gas, the volume of adsorbed gas must be considered and
hence the space actually available for the free gas become less than
the measured total pore spaces. Therefore it is wise to use the
excess adsorption amount to evaluate the adsorbed gas when
measured porosities are applied to calculate free gas. This will
ensure that the total gas content would not be doubly calculated.
Rexer et al. (2013) proposed a general geological model of the
excess adsorption for a shale with a TOC of 6.35% and an EqRo of
2.25%. According to thismodel, the excess adsorption amount of the
shale decreases dramatically with increasing burial depth. It is
about 2.9 m3/t at 2000 m, 1.6 m3/t at 3000 m, and becomes negli-
gible at a depth greater than 5000 m (50 MPa and 160 C). This
means that the free gas contents of the Lower Cambrian and Silu-
rian shales in the present models (Fig. 7) are very close to the total
gas contents at their greatest burial depth (6000e7000m), and less
than the total gas contents at their current burial depth (2000e
4000 m).
Thus, the free gas contents of 1.98e2.93 m3/t in the Lower
Cambrian shales and 3.29e4.91 m3/t in the Lower Silurian shales at
the end of the Early Cretaceous in Figure 7 could be considered to
be the maximum average potentials for these two sets of shales
under the given geological and geochemical parameters. During the
uplifting, part of the free gas could be converted to the absorbed gas
according to the model proposed by Rexer et al. (2013) or would
also lose due to the development of faults and ﬁssures in the shale
system. Although it will be very farfetched to evaluate the excess
adsorption amount of the two sets of shales using the available data
and the model of Rexer et al. (2013) since the excess adsorption
could be signiﬁcantly changed by a few other factors such as the
TOC content, mineral composition as well as water saturation of the
shales (Hildenbrand et al., 2006; Chalmers and Bustin, 2008), thepresent free gas contents ( 1.52e2.43 m3/t and 1.94e3.42 m3/t for
the Lower Cambrian and Lower Silurian shales, respectively) could
be regarded as their minimum gas contents under the given con-
ditions. Field test data from a pilot borehole in the Weiyuan area
show that the gas content of the Lower Cambrian shale varies from
0.85 to 4.83 m3/t, with an average of 2.10 m3/t (Huang et al., 2012a)
and the gas content data for 21 Lower Silurian shale samples from
the Weiyuan area show a range of 0.3e5.09 m3/t (Huang et al.,
2012b), and the average gas content of the shale samples with
TOC > 2.0% is as high as 2.5 m3/t. Therefore, the average gas con-
tents of the two sets of shales are observed to bewithin the range of
the minimum to maximum values predicted by the present model
based on the speciﬁc geological and geochemical models. Addi-
tionally, based on the ﬁeld test data from the Weiyuan area and
elsewhere in the southern Sichuan Basin, the gas content of Lower
Silurian shale is apparently higher than that of the Lower Cambrian
shale (Huang et al., 2012a,b). This situation also coincides with the
present modeling results.
The minimum gas content in shales with commercial exploita-
tion value is widely considered to be at least 1.0e2.0 m3/t (Hill and
Nelson, 2000; Curtis, 2002). Themain range of gas content of shales
in North American shale gas plays is 0.44e9.91 m3/t, or more
speciﬁcally, 1.70e6.23 m3/t for Fayetteville shale and 1.70e2.83 m3/
t for Marcellus shale (Curtis, 2002; Sondergeld et al., 2010a,b). This
means that the gas content of the Lower Cambrian and Lower
Silurian shales in the Weiyuan area are comparable with those of
North America, and the Lower Paleozoic shales in theWeiyuan area
has good shale gas potential, which also provides conﬁdence on the
exploration of shale gas in the southern China region where strong
tectonic uplifting is common.
The free gas contentmodeled andpredicted in thepresent study is
based on the simpliﬁed geological and geochemical models, i.e., an
averagedporosity, an assumedwater saturation and an assignedﬂuid
pressure coefﬁcient, which may inﬂuence the accuracy of the pre-
dicted free gas content. The free gas content of the two sets of shales
could be higher at locations where the shales have larger porosities.
Additionally, the relationships between the free gas content with
water saturationaswell asﬂuidpressure coefﬁcient for the twosets of
shales under conditions present at their greatest burial depths are
established based on the simulation data. The results show that the
free gas content linearly decreases with increasing water saturation
(Fig. 8). Although some gas could dissolve inporewater, its amount is
far less than that of the free gas in pore space (Zhou et al., 2013).
Considering that the two sets of shale are very highly mature, and
have experienced awhole evolution process, including oil generation
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Figure 9. Plot showing the relationship between the free gas content and the ﬂuid
pressure coefﬁcient in two sets of shales in Weiyuan area under the condition pre-
sented at the maximum burial depth.
Q. Zhou et al. / Marine and Petroleum Geology 56 (2014) 87e96 95andexpulsion, andgasgenerationandexpulsion, the shaleporewater
might be expelled together with the oil and gas, thus the water
saturation may be lower than the assumed value in the models.
Therefore, the free gas content could be deduced to be even larger
than the modeled results. Note that the free gas content of the shale
increases with ﬂuid pressure, displaying a nearly linear relationship
(Fig. 9). Although there is lack in accurate pressure coefﬁcient data, an
overpressure ﬂuid in the shale system is widely observed in the
Weiyuanandotherareas in theSichuanBasin (ZhangandDong,2000;
Li, 2001;Xie et al., 2004;Cai et al., 2005;Maetal., 2005). Thus, as shale
gas explorationexpands in thestudiedareaandmore relativedata are
obtained, the geological models and geochemical parameters could
be further reﬁned, and free gas content results will be more reliably
predicted.
5. Conclusions
(1) Two sets of organic-rich shales developed in the Weiyuan
area of the Sichuan Basin: the Lower Cambrian and Lower
Silurian shales. This area experienced a continuous sedi-
mentation from the Triassic to Early Cretaceous, and the
shales reached a burial depth of 6000e7000m. Since the end
of the Early Cretaceous, this area has undergone a severe
uplifting and erosion and the present burial depth of the
shales ranges from 2000 to 4000 m, which makes the
Weiyuan area a favorable spot for the shale gas exploration in
the Sichuan Basin.
(2) Based on available data, geological and geochemical models
of the Lower Cambrian and Lower Silurian shales have been
established and their free gas content evolution has been
simulated. The results show that the free gas contents of the
Lower Cambrian and Lower Silurian shales in the Weiyuan
area reach their maxima, i.e., 1.98e2.93 m3/t and 3.29e
4.91 m3/t, respectively at their deepest burial. The free gas
content decreases during the uplifting, and the present free
gas contents are modeled to be 1.52e2.43 m3/t for the Lower
Cambrian shales and 1.94e3.42 m3/t for the Lower Silurian
shales. These results indicate that the two sets of shale have
good shale gas potential, even though they have experienced
a severe uplifting.
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